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A Bolometer Bridge for Standardizing Radio-Frequency 

Voltmeters 

By Myron C. Selby and Lewis F. Behrent 

In the course of work on r-f standardization projects of the National Bureau of Standards, 
practical equipment and techniques were developed for measurement of 20 millivolts to 
1.9 volts at radio frequencies below 700 megacycles, with further broadening of these ranges 
still in progress. The devices employed do not require frequency corrections, so that 
results are based on direct-current measurements, which can be made quite accurately. 
Reproducibility and agreement with independent methods was found to be ± 1 percent or 
better. The primary function of the equipment is to make available a standard voltage 
of any desired value and frequency within the above range that would be required for a 
highly accurate and at the same time practical voltmeter-calibration procedure. In addi- 
tion, the equipment may be used for direct measurement of r-f generator voltages; as a 
known standard of r-f impedance; and for accurate power measurements of 20 microwatts 
to 100 milliwatts. An analytical study of the range-limiting factors of this technique is 
presented, appropriate curves and illustrations are shown, and major steps of procedure 
are listed. 

An independent method and appropriately designed equipment for accurate r-f voltage 
determinations based on measurements of direct current and of linear dimensions along a 
transmission line of known characteristic impedance are also described. 



I. Introduction 

In searching for voltage standardization meth- 
ods, at frequencies from 10 kc to 300 Mc, 1 promis- 
ing results were obtained in the early part of 1946 
by using the bolometer bridge. This eventually 
led to the development of the equipment and 
technique described herein. To meet require- 
ments the methods and equipment were to be 
practical, reliable, of high precision, and were to 
approach an accuracy of 1 percent. Reliability 
was to be assured by cross-checking results of two 
or more independent methods. Individual meth- 
ods and techniques were to be adapted for regular 
use on the basis of accuracy, speed of measure- 
ment, and of their individual maximum ranges of 
voltage and frequency. 

In the light of present experience, measurements 
at radio frequencies to accuracies of 1 percent 

i M. C. Selby, High-frequency voltage measurements, NBS Circular 
C481. Central Radio Propagation Laboratory Report CRPL-8-2 issued 
April 14, 1948. 



were considered of high precision. Reproduci- 
bility of results, as well as agreement between 
individual primary methods, was to be within 
± 1 percent, or better. Frequency errors were to 
be negligible. Herein "precision" is used in refer- 
ence to sensitivity, incidental variations, scale- 
reading facilities, and other errors of observation; 
" accuracy" refers to the true value of the quantity 
measured. Kesults may thus be precise and not 
accurate, but not vice versa, i. e., once a value 
is stated to be accurate to a certain degree it is 
necessary that measurements be precise to the 
same degree. The term " systematic error" is 
frequently used in place of " accuracy" as defined 
here, and " accidental error" is used in place of 
" precision." 

Among the devices suitable for primary measure- 
ments of r-f voltages in the sense stated above, 
the most practical operating principles employed 
were: the bolometer-bridge using the substitution 
of r-f for d-c power, measurement of current 
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through a known resistance, cathode-ray beam 
deflection, and the electrometer. Each of these 
principles is useful over a considerable range of 
voltage and frequency. The bolometer bridge 
method and the extent of its agreement with 
other methods will be described here. 

II. Basic Principle 

The principle of r-f power measurement by 
means of a bolometer bridge is widely known. 
It consists briefly of balancing a d-c wheatstone 
bridge, having a bolometer (a device the resist- 
ance of which is a function of the power dissipated 
in it) in one of its arms, and of rebalancing it 
again after some of the d-c power in the bolometer 
is replaced by r-f power. Under these two con- 
ditions the difference in the d-c power consumed 
by the bridge gives a precise indication of r-f 
power applied. An elementary circuit diagram 
of such a bridge is shown in figure 1. As used 
here, the term " bolometer' ' refers to r-f power 
detectors having resistance elements of high 
temperature coefficient of resistivity. 

The fundamental difference between r-f power 
bolometer-bridges and those for r-f voltage rests 
in the fact that the reactive component of the 
bolometer impedance has no great bearing on the 




accuracy of the power measured, whereas it is of 
prime importance for voltage measurements. For 
the present purpose, the bolometer impedance con- 
figuration must meet the condition that the d-c 
voltage across it be practically equal to the rms 
value at all frequencies considered. This condi- 
tion can be met only if the bolometer admittance 
consists essentially of a pure conductance shunted 
by any value of positive or negative susceptance. 
Appropriate types of bolometers were therefore 
chosen, and a mounting for them was designed to 
meet the above condition over a wide frequency 
range. The equivalent circuit of the assembly is 
shown in figure 2. It is evident that X T =coL T 



tie 



= © 




= © 



boIo?neter assembly 



Figure 1. Elementary circuit diagram of a bolomete 
bridge. 



BOLOMETER 

Figure 2. Equivalent circuit of a 

applicable for r-f voltage measurements. 
R m and L m , the incidental series resistance and inductance of the bolometer 
mount and Lt, the series inductance of the bolometer aie assumed to be 
negligible. Rt is the bolometer resistance. 

and X m (=a)L m ) must be negligible, although the 
value of C is of no direct significance except when 
the bolometer assembly is used for power output 
measurements, in which case it may be tuned out. 
R m may have a finite value, but it should be negli- 
gible as compared with R T because of its variation 
with frequency as a result of skin effect. 

III. Technique and Its Limitations 

1. Bolometers and Bridge Circuity 

The choice of the type of bolometer and the de- 
sign of its mount seemed to be the most critical 
features in establishing r-f voltages of known val- 
ue. Two types were available for consideration, 
namely, the thermistor and the wollaston-wire (or 
"little-fuse") unit. A glance at figure 3 will show 
that the physical dimensions of the former were 
more adaptable for the purpose, whereas the series 
inductance and size of the available wollaston-wire 
units limited their usefulness only to relatively low 
frequencies. Other advantages of the thermistor 
are indicated below. 
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Figure 3. Two thermistor beads and a barretter in its 
mount. 

A thermistor 2 is a semiconductor such as ura- 
nium oxide (U 3 8 ), or a mixture of nickel oxide 
(NiO) and manganese oxide (Mn 2 3 ), having a 
large negative resistance-temperature coefficient. 
The beads used in this work are glass-coated nod 
differ in diameter depending on characteristics de- 
sired. The smallest applied in this case had an 
approximate over-all outside diameter of 0.015 in. 
with platinum connecting-lead diameter of 0.001 
in. and a single lead length of several thousandths 
in. A wollaston-wire is a platinum wire of the 
order of 0.0004 in. in diameter drawn inside a sil- 
ver wire; this silver coal is removed over a small 
section by etching with a solution of nitric acid 
(HN0 3 ); the exposed platinum core constitutes 
the active section of the bolometer and may be 
0.1 in. long. With mounting provisions the final 
over-all dimensions are usually greater than those 
of thermistors and consequently prove less desir- 
able for some applications. Greater overload 
handling capacity is a major factor in favor of the 
thermistor. The power sensitivity of a commer- 
cial unit wollaston-wire type bolometer (such as 
the Sperry type barretter ) 3 is approximately 5 
ohms/mw (for 200-ohm initial condition at 25° C). 
A corresponding figure for the unmounted ther- 
mistor mentioned is approximately 15 ohms/mw. 
It will be shown later that the thermistor sensi- 



2 J. A. Becker, C. B. Green, and G. L. Pearson, Properties and uses of 
thermistors— thermally sensitive resistors. Trans. AIEE 65, No. 11, p. 711 
(Nov. 1946). 

3 Sperry Gyroscope Co., Great Neck, N. Y., Model 821 barretter. 



tivity is reduced when mounted close to bodies 
having good heat conductivity. 

Schematic circuit diagrams of a single-and two- 
thermistor bridge are shown in figures 4 and 5. 
The single thermistor bridge (fig. 4) requires 
chokes to keep r-f current out of the d-c circuit, 
wiiereas in the two-thermistor bridge (fig. 5) (he 
d-c circuit has no r-f potential across it, thus 
eliminating the need for chokes. 

The general expression for the rms voltage V, 
for the two-thermistor bridge, as derived in ap- 
pendix I, is: 

R T 



V= 



where 



'(R T +R b )(l + a) 
[«(V Bi -V sl )(2V - 



V m -V m )]i 



(1) 



a ~R T1 /R T2 = constant ratio of the individual 

thermistor resistances when the bridge is 

balanced with or without r-f applied to it. 
R T =R T i J rR T2 ; R T i, Rt2, and R b are as shown in 

figure 5. 
T\ri~ voltage drop across the resistor in series with 

the battery at initial d-c bridge balance 

(switch S open). 
Vm — voltage drop across that resistor at second 

balance (switch S closed). 
T T o= battery voltage, which is assumed to remain 

constant with load variation. 



RF SOURCE 




Figure 4. Schematic diagram of a single thermistor bridge. 

Rt= thermistor resistance; jR = resistance-ratio arms; R e = resistance of 
r-f chokes in bridge arms. 
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R, ,R 2 



Figure 5. Schematic diagram of two-thermistor bridge. 
Rt\ and Rtt, are individual thermistor resistances. 

Condensers C and C prevent direct current 
flowing to or from the r-f source or device con- 
nected to the measurement terminals. C and C 
are chosen large enough so that the effective load 
presented to the r-f source is essentially the d-c 
resistance of the two thermistors connected in 
parallel. 

For the single-thermistor bridge, and for the 
two-thermistor bridge when R T \ = B T2 the r-f volt- 
age is: 



V= 



R 



2(R"+R b ) l<y**-VBi) (2V -V R2 -V R1 )]K (2) 



R-f chokes in the single-thermistor bridge reduce 
errors caused by incidental rectification of r-f 
voltages entering the d-c circuit. They also reduce 
the loading effect of the bridge on the r-f source. 
A choke in series with each of the R b arms is shown 
in figure 4. This simplifies operation and computa- 
tion when the chokes are matched. The chokes 
must be shielded, properly installed, and must 
have stable resistance and a sufficiently high im- 
pedance over the entire frequency range of applica- 
tion. Difficulties in meeting these requirements 
make the two-thermistor bridge preferable. 



Equation 2 is further simplified when Ri can be 
made negligibly small as compared with R 2 . In 
this case: 



V= 



R 



m^m ^ v °- v «^ 



(3) 



If, in addition, R b =R T , the simplest case of an 
equal-arm bridge is obtained and 



V=l[V K2 (2V -V B2 )]K 



(4) 



Typical thermistor characteristic curves (see 
footnote 2), one of which is illustrated in figure 15, 
show that there are two possible values of ther- 
mistor current for each value of voltage across it 
over part of the range. The voltage maximum 
will be referred to as the "turning point. " In 
order to assure operation over the high temper- 
ature coefficient portion of the curve (low R T 
values), V must be equal to or larger than the 
turning-point voltage. If V is lower than the 
turning-point voltage, other means, such as ap- 
plication of external heat, of r-f or a-f power, 
may be used to obtain an initial bridge balance 
at the desired R T value. However, this procedure 
is unsatisfactory, because R T may assume a high 
value during the process of rebalancing the bridge 
for a measurement; this instability may neces- 
sitate several time-consuming balancing attempts. 
Another difficulty may be encountered with 
parallel operation of thermistors as a result of the 
presence of two possible values of thermistor 
resistance for every value of applied volt- 
age. It is conceivable (and this was observed in 
practice) that one of the two thermistors will 
operate in its high-resistance region, whereas the 
other will be in its low-resistance region and will 
therefore carry most of the r-f current. This 
may take place when the thermistors have widely 
different values of turning-point voltages and 
resistance-temperature coefficients. It can be 
avoided by approximately matching the thermis- 
tors and by choosing operating values reasonably 
removed from the turning point. The reader 
may at this point wonder how it is at all possible 
to obtain stable operation with negative temper- 
ature-coefficient resistors connected in parallel 
to the same power source, because a slight decrease 
in the resistance of one of them would cause con- 
secutive reactions decreasing its resistance further, 
and reducing the current in the other shunt ele- 
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merits. The answer is that the above reaction 
may in fact take place up to a certain equilibrium 
point at which the voltage drop in the source 
impedance reduces the voltage applied to the 
thermistors to a value necessary to maintain the 
thermistor resistances constant. The difference 
in operation of negative temperature-resistance- 
coefficient elements as against zero or positive 
temperature-resistance units is that the former 
cannot be indiscriminately connected to a power 
source of insufficient internal (or series external 
current-limiting) impedance without damaging 
cither the load or the power source, or both. 

As will be shown later, batteries are preferable 
to rectified a-c power sources for wide voltage- 
range and accuracy. Once batteries are chosen, 
y o cannot be readily varied except in steps of 
single cells. This feature makes it difficult to 
use an equal-arm bridge at a negligible value of 
J?!. One might mention here the desirability of 
having B T as low as possible. A lower B T cor- 
responds to a higher thermistor temperature with 
a lower consequent interference from ambient 
temperature variations. 

The error in V as a result of thermistor mis- 
match (i. e., the error caused by assuming a=l) 
is given by 



12 



10 



AV 



(5) 



Appendix II gives the derivation of this error, 
and figure 6 shows its magnitude versus a. Here, 
and throughout the discussion below, A designates 
a relatively small finite increment of a quantity. 
There is, however, no difficulty in measuring a, 
as will be shown in the discussion of the final 
equipment. It may be seen from figure 6 that a 
mismatch of about 5 percent can be safely neg- 
lected, because the error in V will thereby not 
exceed 0.1 percent. Equation 1 must therefore 
be used for values of a larger than 1.05, whereas 
for values of a closer to 1, eq 3 (or its equivalent 
when Rit^O) is sufficient. Factors contributing 
individually an error of 0.1 percent in V may be 
neglected on the assumption that the total accumu- 
lated error will not exceed 1 percent. 

The accuracy with which a must be determined, 
to not exceed a 0.1-percent error in V, is derived 
in appendix III and is shown in figure 6. A lower 
value of a requires less accuracy in its determina- 
tion. 
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Figure 6. (A) Permissible error in determining a for a 
0.1-percent error in the r-f voltage, V. Broken-line section 
represents eq 27, appendix III. Broken line } 



Aa - (2<r - 1.002a 2 ) ± V(2(r- 1.002<r 2 ) 2 +O.Q08 (r 2 . 
a 2 

Solid line, — =— -= -10~ 3 . (B) Error in V when mis- 

a J— of 

match between the thermistors of a two-thermistor bridge is 
neglected. 






It is assumed throughout the text that a 
remains constant for all values of d-c and r-f 
voltages within the working limits of the bridge. 
Experimental evidence indicated this to be essen- 
tially true for the great majority of individual 
pairs of thermistors of the type used when their 
lead lengths and position in the gap of the mount 
were closely alike. The variation of a in these 
cases did not exceed 1.1 and the agreement with 
independent methods was well within ± 1 percent. 4 
In some cases, however, (as shown in fig. 16) a 
increased considerably with applied r-f voltage. 
For these cases eq 1 does not hold. It is therefore 
advisable to make sure that a remains constant to 
at least 10 percent within the working voltage 
range required. This is in fact a requirement of 
matching the resistance, versus power functions of 
the thermistors under operating conditions and 
can be accomplished by comparing the value of 
a without r-f voltage to that with maximum r-f 
voltage at any low frequency, e. g., 100 kc or 
lower. The potential error from this source 
increases with V. 



* Equation lCfon page 92 of the Technique of microwave measurements 
11, Radiation Laboratory Series (McGraw-Hill Book Co., New York, N. Y., 
1947), gives the thermistor resistance as a function of power dissipated in it. 
Computations made after the original manuscript was written indicate that 
this equation closely represents the characteristics of the thermistors in the 
mount described. The initial a of a pair of thermistors was computed and 
measured to be 1.04. It increased to about 1.1 at an r-f voltage of 1.5 v. The 
potential error in this case was computed to be about 0.04%. 
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The required precision of bridge resistors must 
be of the same order of magnitude as that desired 
for V, because as shown in appendix IV, 



AR T 
Rt 



R b 



AV (Rr+R,,) 

~V'R b ' 



(6) 



The factor (R T -\-R b )/R b is fixed by the operating 
thermistor characteristics and as used was around 
1.7. 

2. Factors Limiting High End of Voltage Range 

The top value of the standard r-f voltage that 
can be determined with either the single- or the 
two-thermistor bridge is limited by the thermistor 
characteristics in a specific mount. With the 
smallest thermistors having dimensions mentioned 
above, this value was between 1.3 and 1.9 v, 
depending upon the temperature of components 
to which the bridge was connected. With ther- 
mistor beads having a diameter of about }U in., 
voltages as high as 10 v may be obtained. When 
proper capacity-type voltage dividers are em- 
ployed, considerably higher voltages may be 
determined. These dividers will not be dealt 
with here. 

3. Factors Limiting Low End of Voltage Range 

The low limit of r-f voltages is of major import- 
ance. The lower it is, the more accurately volt- 
ages at the critically needed microvolt levels can 
be determined with the help of standard attenu- 
ators. Because of imperfections of standard at- 
tenuators, especially in the VHF and UHF regions, 
a considerably more accurate microvolt may be 
realized by using, for example, a standard millivolt 
and a 60-db attenuator, rather than a standard volt 
and a 120-db attenuator. This was the primary 
reason why considerable efforts were made to ob- 
tain as low a known voltage as possible. In doing 
so, another important objective was attained, 
namely, the opportunity of measuring the attenu- 
ation of standard attenuators directly in terms of 
voltage ratios. This is especially desirable where 
the permissible input power into an attenuator is 
limited. 

The low end of the voltage range is limited by 
(a) the sensitivity of the thermistors and of the d-c 
bridge, (b) the ease with which low values of V R2 
can be adjusted and the accuracy with which 
V R2 and V m can be measured, (c) stability and 



accuracy of V Q , (d) thermal voltages and incidental 
voltage drops in circuit leads and connections, and 
(e) ambient temperature stability. 

(a) Thermistor and Bridge Sensitivity 

The bridge sensitivity is proportional to the 
sensitivity of the thermistor arm to r-f input- 
voltage changes. For the single-thermistor bridge, 
this sensitivity (as indicated in the characteristic 
curves of fig. 16) is about 0.18 ohm/mv for oper- 
ating values of thermistor resistances of from 50 
to 100 ohms. For the matched two-thermistor 
bridge, the thermistor arm sensitivity is twice the 
single-thermistor sensitivity, i. e., 0.36 ohm/mv, 
because the same r-f voltage will cause an equal 
resistance increment in each thermistor. 

The characteristics of the small-bead thermistors 
are such that an R T of 200 ohms and R b of about 
300 ohms were found most suitable for a two- 
thermistor bridge arrangement. With the bridge 
and galvanometer used, changes in R T of the order 
of 0.01 ohm in 200 ohms could readily be detected. 
For the stated two-thermistor bridge sensitivity of 
0.36 ohm/mv, an r-f voltage change of 14 mv can 
be detected. The resulting uncertainty is there- 
fore 0.1 percent for an applied voltage of 14 mv 
and, of course, correspondingly less for higher ap- 
plied voltages. 

(b) Accuracy of V ' Rl and V fl2 

As already mentioned, a perfect voltage regula- 
tion of the source V was assumed. A storage 
battery does approach this requirement, although 
any other monitored source could be applied if it 
meets stability requirements. One must keep in 
mind two difficulties when batteries are used. 
The first is the one stated before, namely, that V 
cannot be conveniently adjusted except in approxi- 
mate 2-v steps. The second is the poor accuracy 
obtainable in trying to determine a small quantity 
when this small quantity is the difference between 
two measured relatively large quantities. This 
would be the case when both V R2 and V RX were 
large. These two difficulties may be largely 
eliminated (as was done in this case) by the use 
of an unequal arm bridge. The initial bridge bal- 
ance was obtained by varying R b with the adjusta- 
ble resistor (R u R 2 ) shorted. Vm is therefore the 
voltage drop across the shorting switch. It can 
thereby be kept at a minimum and for relatively 
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Figure 7. Values of Vr2 corresponding to various values 
of V. 

Fo=10 volts; Vr\ =25 microvolts; Rt=200 ohms; 2?&=300 ohms; a— 1.0 



large measured voltages may be assumed equal to 
zero. As used, V^ was of the order of 25 nv. 

Figure 7 shows nominal d-c voltages (V R2 ) that 
one must measure for the entire r-f range at a 
given set of values of the bridge circuit. The 
curve is only nominal because R b is in practice 
somewhat different from the value chosen for this 
curve, depending on the characteristics of the 
particular thermistors in use. The case presented 
here is in many respects only typical. Modifica- 
tions are possible in order to extend the low range; 
for example, a mount employing a large number 
of thermistors, all of them connected in series for 
direct current and in parallel for r-f current, may 
be used, which would considerably increase the 
ratio of R r to the equivalent r-f load resistance; 
lower values of V may then be obtained for corre- 
sponding V R2 values. The greater part of the 
curve of figure 7 is linear on log-log paper. This 
may be expected from the interrelation (eq 2) 
when Vri&Q and 2V »Vr 2 . Under these con- 
ditions the expression assumes the form 



or by 



V=K(2V R2 Vo)*=#i (V R2 )\ 



log F=log K Y +\ log V R2 . 



(7) 



The degree of departure of V from linearity 
below about 10 mv is a function of the magnitude 
of V Rl . 



The effect of inaccuracy in measuring V R2 is 
shown in appendix V. An error of 0.1 percent in 
Vis assumed, and the corresponding "permissible 
error" in determining V R2 is derived and plotted 
in figure 8 for values of V from several millivolts 
to 1 .5 v. The "potential error" is shown in figure 
8 for values of V from several millivolts to 1.5 v. 
The potential error shown in figure 8 is based on 
the performance of the particular potentiometer 
on hand with the present equipment. It was 
capable of measuring V R2 to 1 /xv or to 0.015 per- 
cent, whichever is greater. The intersection 
point of the two curves in figure 8 indicates that 
the minimum value of V obtainable to 0.1 percent 
because of inaccuracy in measuring V Re is ap- 
proximately 20 mv. Lower levels of V may no 
doubt be measured to the same accuracy with 
other potentiometers. The low limit may in 
that case be computed in a similar manner. 

It is shown in appendix VI that, with the present 
equipment, a value of V of 20 mv can be meas- 
ured to within 0.1 percent as a result of the in- 
accuracy in determining a voltage V R1 of the order 
of 25 /xv. 

Difficulties in adjusting V RS will be discussed 
in the next section where the equipment compon- 
ents are described. 
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Figure 8. Required Vr2 accuracy for V accuracy of 0.1 
percent. 
Solid curve shows permissible error for AVIV equal 0.1 percent. Broken 
line shows potential error in measurement of Vr2 as a result of limitations in 
d-c measuring equipment. Vo=10 volts; Vri = 25 microvolts; ifr=200 ohms; 
R b =300 ohms. 
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(c) Accuracy and Stability of T r o 

It can be shown that the accuracy with which 
V must be measured for a desirable accuracy in 
V is expressed by 



AV _AV V 2 

V Q ~V KVo(V B -V Bl ) 



(8) 



where K=[R T /2(R T -\-R b )]. For the present case 
of AV/T 7 =10— 3 and K=0.04, the required accu- 
racy of V is 0.17 to 0.20 percent over the voltage 
range of about 1.5 v to 20 mv, respectively. This 
accuracy is well within the limits of the equip- 
ment used. 

The discharge rate of the storage batteries 
interferes with obtaining a bridge balance when 
the galvanometer circuit is adjusted for the high 
sensitivity required at low-voltage measurements. 
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Figure 9. Drop in terminal voltage with time of special 
batteries under a constant load of 45 milliamperes. 

Figure 9 shows the drift of V (under the present 
load) to be approximately 0.001 percent per hour. 
To evaluate this quantitatively one may assume 
that the drift is equivalent to a readjustment of 
V R2 required to restore bridge balance during a 
time interval of a single r-f voltage measurement. 
The application of a special r-f and d-c switch 
(described in the next section) reduces this interval 
essentially to the time required for a measurement 
of V R2 . It may be seen from the curves given 
and the indicated drift that V R2 for a V of 20 mv 
will have to be determined in about 40 sec if the 
drift is to be neglected. The steps leading to this 
value are as follows: The actual drift in Vo=10 v 
is 100 juv/hr (fig. 9). From figure 7 a voltage 
V R2 of about 550 fiv corresponds to a V of 20 mv. 
The permissible error in this value of V R2 for a 



0.1 percent error in V is close to 0.2 percent or 
about 1.1 ijlv. The time allowed for a drift of 
not more than 1.1 /xv is therefore about 40 sec. 
Experimental observations indicate that common 
storage batteries have a drift of 5 to 10 times 
larger than the batteries used in our case. In 
addition they are considerably less stable. (The 
rate of voltage drop with time varied about 10 
to 1 over a short time of observation.) It would 
thus be necessary to measure V R2 for a V of 20 mv 
in a fraction of a second. The importance of 
using low-discharge batteries of high stability and 
low internal resistance for very low voltage meas- 
urements is therefore apparent. 

Summarizing the errors affecting the low limit 
of V, it is seen that a conservative estimate of the 
total possible error for all values down to 20 mv 
caused by the determination of a, R T , R b , V R i, 
V R2 , V , and by limited bridge sensitivity and 
instability of V will not exceed 0.8 percent assum- 
ing the individual 0.1 percent errors to be all posi- 
tive or all negative. It is shown in section IV 
that errors contributed by incidental thermal 
voltages, connecting-lead voltage-drops, and am- 
bient temperature variations of ±1° F. are negli- 
gible in comparison with others. An extension 
of V below 20 mv without sacrificing accuracy 
will require first further improvement of V 
stability and, second, the improvement of the 
accuracy of measuring V m and V R2 . 

IV. Measuring Equipment and Results 

1. Description of Equipment 

The complete arrangement of the two-thermis- 
tor bridge is shown in figures 10 and 1 1 . Figure 10 
is a view of the experimental setup including a 
vacuum-tube voltmeter under calibration. A 
final working arrangement could no doubt be 
consolidated to a great extent. Figure 11 is a 
combination schematic and block diagram in 
which the designations of the components corre- 
spond with those of figure 10. The source of r-f 
voltage consisting of a generator, filter, and match- 
ing networks is not shown in figure 10. 

The major components of the equipment were: 

(a) Resistance boxes comprising the legs R T 

and R b of the bridge. 

(b) Resistance boxes and a helical type single- 

wire adjustable resistance comprising the 
resistance R in series with the battery 
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GALVANOMbltK FOR DC POTENTIOMETER 



SHORTING RELAY 




Figure 10. Radio-frequency voltage thermistor-bridge equipment. 



V used (o vary the voltage applied to 
the bridge. Voltage drops V m and V R2 
(used in eq 1, 2, 3, and 4) are measured 
across this resistance. 

(c) D-c potentiometer, associated resistors, R Pl 

and B p2 to increase its voltage range, a 
plug box used for conveniently connecting 
the potentiometer for measurement of 
V , Vri, V R2 , and of (V — V R ) when de- 
sirable, and a standard cell. 

(d) An interlocked, r-f, d-c switch used to re- 

place instantaneously the r-f power fed 
to the bridge by its equivalent d-c power 
or vice versa without upsetting the bridge 
balance. 

(e) A shorting relay controlled by the inter- 

locked r-f, d-c switch, mentioned in item 
(d); this relay shorts the resistor R in 
series with the bridge battery, thereby 
increasing the voltage applied to the 



(g) 



bridge while the r-f power is removed 
from the bridge. 
The thermistor mount. 

High-resistance d-c voltmeters to indicate 
the ratio of R T1 to R T2 . 
(h) Switch S used to connect the battery V to 

the bridge. 
(i) Switch S D used to connect a standby load 
R D to the battery V in place of the bridge. 
This load was necessary to prevent a 
slight increase in battery voltage when 
standing idle for several hours. On 
connecting a load to an idle battery the 
rate at which the terminal voltage de- 
creases is relatively high during the ini- 
tial discharging period. 
The operational procedure was briefly as follows. 
Kef erring to figures 10 and 11, with no voltage 
applied to the bridge, R T and both R b arms were 
set to predetermined values that would approx- 
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D.C. VOLTMETER -yQ 



D — C 
POTENTIOMETER 




INTERLOCKED R — F 
AND D — C SWITCH 



Figure 11. Operational schematic and block diagram of the r-f voltage thermistor-bridge equipment. 

C,C'=mica 0.01 microfarad condensers; Rt, Rb=bridge ratio arms; 7?=series dropping resistors; Rpu Rp2=d-c voltage divider used with d-c potenti- 
ometer; Ro= galvanometer sensitivity control; So = galvanometer switch. 



imately balance the bridge at the specific d-c 
voltage to be applied. With the shorting relay 
closed, the interlocked r-f, d-c switch in position 
B (fig. 11), and the sensitivity of the galvanometer 
reduced, switch S was closed. Both R b arms 
were adjusted simultaneously until a rough 
balance was obtained. After increasing galva- 
nometer sensitivity by reducing R g , further adjust- 
ments in R b were made until a satisfactory balance 
resulted. R-f was then applied in small increments 
after closing the coaxial switch and equilibrium 
restored by increasing the value of R. Several 
operations of the interlock switch were necessary 
until a desirable balance was observed. In cali 
brating a vacuum-tube voltmeter, the amount of 
r-f applied depended upon the meter deflection 
desired. The amount of d-c voltage removed 
from the bridge to restore balance was then 
measured by the potentiometer. 



Cross sections of the thermistor mount are shown 
figures 12 and 13. The plate, A, and the pin, L 
(fig. 12) are removable, as is illustrated in figure 14, 
to permit means of connecting various probes of 
voltmeters under calibration to the mount. The 
line drawing in the lower corner of figure 14 is an 
enlargement of the gap in which the thermistors 



Ed3u 





ifcpp 



Figure 12. Cross-sectional drawing showing the construc- 
tion of the thermistor mount. 
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Figure 13. Cross-sectional drawing of the core of the mount 
showing the location of the thermistors and their proximity 
to the point where external connections are made for calibra- 
tion purposes. 

A dashed outline is shown of a typical VTVM probe in position for cali- 
bration. R-f power is fed into fitting N. 

are mounted, whereas the part in the upper righl 
corner (fig. 14) shows the other side of the core 
assembly. The remainder of the mount consists 




of an assembly of the mica blocking condensers O 
and C shown in figures 5 and 11. One thermistor 
is connected to parts D and 0-M (fig. 12); the 
other to D and C-F. Parts B, F, and tfand B, M, 
and G, figure 12, comprise the condensers C and C 
of about 0.01 ui each. At low frequencies where 
the reactance of C and C becomes appreciable, 
additional external capactance was added in 
parallel with them. 

The r-f admittance of the thermistor bridge was 
measured in the VHF range employing a slot led 
coaxial transmission line. The input conductance 
was found to equal the d-c value of the two therm- 
istors in parallel within the limits of accuracy of the 
measuring equipment. 

Figure 15 illustrates the effect the large metal 
mass of the mount had on the thermistor character- 
istics. The broken line curve is a typical 
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Figure 14. Thermistor mount partly disassembled. 



Figure 15. Thermistor characteristic curves. 
A, thermistor unmounted (manufacturers data); B. thermistor mounted 
close to large heat-conducting surfaces of mount (fig. 14). 

characteristic of the thermistor, unmounted, at 
25° C. whereas the solid curve is that obtained 
with the thermistors in the mount. The difference 
was due to the large heat dissipation of the metal 
plates to which the thermistors were connected. 
The decrease in sensitivity that resulted was more 
than compensated for by a saving of about 80 
percent of the time required to obtain thermal 
equilibrium of the thermistors during initial 
balance adjustments. 

It was found experimentally that a. increased as 
the r-f voltage level was increased (a^l). Figure 
16 shows R Tl and E T2 at different values of V for 
an appreciably mismatched pair of thermistors. 
This effect was found to be independent of fre- 
quency. As was previously explained, individual 
pairs of thermistors were chosen having charac- 
teristics sufficiently similar to eliminate large 
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values of a requiring high-precision d-c voltmeters, 
as well as large ratios of a 2 /a 1 , where a x is the ratio 
of the two thermistor resistances without r-f 
applied to the bridge, and a 2 is the ratio with r-f 
applied. For a 2 \a x of 2.0, an error in V of 4 per- 
cent resulted. Two precautions were necessary 
in connection with the use of these voltmeters for 
measuring a. The first was that the d-c resistance 
of these instruments be large compared with 
R Ti and R T2 so as not to introduce an appreciable 
error in the thermistor resistance values. The 
second was that there be a constant low-resistance 
d-c path through the r-f source if the d-c instru- 
ments were to measure the drop across R Tl and R T2 . 
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Figure 16. Resistance of individual thermistors, connected 
in parallel, versus V. 
Rti+Rt2=Rt=200 ohms (fig. 11). 

The voltage V R2 was controlled by varying the 
resistance R (fig. 11) in series with the bridge 
(fig. 10). The greatest difficulty occurred at low 
values of V, where the resistance R was of the 
order of 1 ohm or less. As shown in figure 11, a 
low-resistance slide-wire in parallel with a resist- 
ance box of high value was used, the box serving 
as a vernier on the slide-wire. 

The shorting relay (fig. 11) is a special relay 
with mirror-smooth silver-plated contact surfaces. 
Such construction was necessary to insure a low, 
constant voltage drop when the relay was closed; 
otherwise measurement of V m would have been 
necessary each time the relay was operated. The 
value of V R i for typical, bridge-operating condi- 
tions (R T =200 ohms; R b =300 ohms) was found 
to be about 25 ixv and remained stable to within 
the measuring accuracy of the potentiometer used. 

The voltages V , V R2 , and V m were measured 
by the d-c potentiometer, P, in terms of the 
standard cell (fig. 11) at points x, y, and z. To 
reduce the resistance of leads, wherever advisable, 
wide low-resistance straps were employed for 



interconnecting the resistance arms of the bridge. 
The average resistance contributed to any arm by 
the leads was no more than 0.005 ohm, which was 
negligible compared with 200 to 300 ohms. With 
the present setup, it was found that the internal 
resistance of the battery and the resistance of the 
leads used to connect the battery to the bridge 
totaled less than 0.05 ohm and justified the as- 
sumption of negligible voltage regulation for the 
loads used. 

The equipment was installed in an air-condi- 
tioned room with the temperature controlled to 
within 1 deg C. This precaution served the dual 
purpose of, first, eliminating the effect of ambient 
temperature variations on the thermistors, and, 
second, reducing variations of V and thermal 
voltages within the circuit. To reduce further the 
effect of thermal emf s, every effort was made to 
remove contacts of dissimilar metals. 

2. Agreement With Other Methods 

Voltage measurements by independent methods, 
including the use of a single-thermistor bridge, 
were used as a check on the two-thermistor bridge. 
The results obtained are presented in table 1. 

The principles involved in methods 1 and 2 of 
table 1 are indicated by their titles in the table 
and have been described in previous literature 
(see footnote 1). The agreement between the 
two- thermistor and the single-thermistor bridges 

Table 1. 
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Method 


+J o 

eg 


Frequency range 
of agreement 


Range-extension devices 




Per- 








cent 






Deflection of cathode- 


1 


100 kc to 200 Mc. 


Capacity-type voltage 


ray beam. 






dividers of about 
10:1, and r-f trans- 
formers. 


Measurement of cur- 


1 


100kcto30Mc._ 


None. 


rent through a 








known resistance. 








Transmission-line 


] 


100Mcto60CMc_- 


Do. 


voltage-distribu- 








tion. 








Single-thermistor 


1 


100kcto30Mc. 


Do. 


bridge. 
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was verified to 30 Me. The difficulties encountered 
with the single-thermistor bridge for frequencies 
above 30 Mc were previously pointed out in 
section III. 

(a) Transmission-Line- Voltage-Distribution Method 

The third listed independent method is based 
upon the interrelation between the r-f power prop- 
agated along a transmission line (having a known 
characteristic impedance and negligible attenua- 
tion) and the voltage distribution along this line. 
A slotted transmission line is used, and the voltage 
ratios at any two given points are accurately 
determined by moving a probe along the slot. 
The conventional way to determine the ratios is 
either by using a standard attenuator or a cali- 
brated probe-output detector. A more direct, 
and therefore a more accurate, way is to determine 
these voltage ratios from measurements of line 
distances translated in turn by computation into 
equivalent electrical lengths. Thus absolute values 
of voltages at a given point along the line may be 
computed from: (a) the characteristic impedance 
of the line, (b) power, determined by d-c measure- 
ments, and (c) distances measured along the line. 
The interfering factor in this otherwise potentially 
highly accurate method is the nonavailability of 
slotted transmission lines with sufficiently uni- 
formly distributed constants. The frequency range 
is limited at the low end by the physical length of 
the line. 




Figure 17. Therynistor mount connected to a slotted trans- 
mission line for measurement of agreement between two 
independent methods of voltage measurements and for 
standard impedance measurements. 



For purposes of comparison with the bridge 
measurements, the thermistor mount was con- 
nected to a slotted transmission line as illustrated 
in figure 17. A line extension designed for use 
with the line was so connected to the mount that 
the uniform line was carried to within 0.003 in. 
of the core of the mount. Therefore the voltage 
at the end of the line was essentially (he same as 
that at the thermistors. 

The measurement procedure was as follows: 

(1) The thermistor mount, having been in- 
ternally shorted where the thermistors connect, 
was placed directly at the end of the slotted 
transmission line, and the position X/2 from the 
load determined (step A, fig. 18). 

(2) With the short removed, the thermistor 
bridge was used as an r-f load and power meter. 
The voltage standing-wave ratio (V max /V min = p) , 
the voltage ratio (V A /V mtLX =Kj), and the power 
delivered to the load, were measured (steps B 
and C\ fig. 18). 

The magnitude of the standard voltage, V, was 
calculated from eq 9. (See derivation in appendix 
VII). 

V=K 1 (Z P BFP )*, (9) 

where K 1 = V A /V m&Xj the ratio of the voltage X/2 
from the load to the maximum voltage in the line. 
Z — characteristic impedance of the line. 

p= ratio of maximum to minimum voltage in 
the line. 
PnF=r-f power transmitted to the load=bridge- 
d-c power decrement. 

The agreement between the two methods up to 
600 Mc was 1 percent or better, whereas up to 
700 Mc it was better than 2 percent (fig. 19). 

The transmission-line voltage-distribution meth- 
od was the only one used to verify the accuracy of 
the bridge at frequencies above 200 Mc. Because 
the transmission line used was known to have an 
insufficiently uniform distribution of constants, 
the bridge measurements were considered the 
more reliable of the two. One may apply the 
transmission-line method for direct calibration of 
voltmeters with some sacrifice in accuracy using 
an arrangement similar to that illustrated in 
figure 20. The probe of the voltmeter under 
calibration is connected at the end of the slotted 
line in place of the thermistor mount. In parallel 
with this probe and physically as close as possible 
to it, a cable is connected to feed the r-f power 
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Figure 18. Block diagram of equipment and steps to 
ascertain agreement between bridge method and voltage- 
distribution-in-a-slotted-line method of voltage measure- 
ments. 

from the line to any available accurate r-f power- 
measuring device. In figure 20 the thermistor 
bridge is shown as such a device. The procedure 
and computations may be the same as described 
above. One must correct for possible power 
losses in the voltmeter probe if these are 
appreciable. 
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Figure 19. Deviation in percentage of V v from Vt. 
V P =V obtained from power and voltage-distribution measurement; 
Vt= V obtained with bridge measurement. 

3. Standardization of a V-T Voltmeter 

A calibration curve of a V-T voltmeter obtained 
with the bridge from 100 kc to 800 Mc is shown 
in figure 21. The applied standard voltage re- 
quired to obtain a fixed deflection of the voltmeter 
had to be increased in the frequency range of 
about 50 to 400 Mc as a result of the transit-time 
effect in the VTVM probe diode. At higher 
frequencies the standard voltage had to be de- 
creased because of the natural resonance of the 
diode and input terminals of the probe. 

In conclusion, we feel confident that standard 
voltages could be obtained with this two-thermis- 



tor bridge at frequencies considerably above 800 
Mc with accuracies equal to those at the lower 
frequencies. 




Figure 20. VTVM — probe connected to the slotted trans- 
mission line for calibration using power and voltage- 
distribution technique. 
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Figure 21. Calibration curve of a vacuum-tube voltmeter 
obtained with the bridge. 

Appendix I. General Expression for Bo- 
lometer Bridge r-f Voltage 



Wi = 



VJiRt 

\R T +Rb) 2 



(10) 



= d-c power dissipated in the thermistors with no r-f applied. 
(See fig, 5 and definition of terms below eq 1 of text). 



Wr 



V 2 b2 R T 

\R T +R b y 



(11) 



= d-c power dissipated in the thermistors with r-f applied, 
where "^2=^0—^2 and V bl =V —V R i 
Substituting for V b2 and V bi in eq 10 and 11. 



W 2 



uS^ {V °- v * l)2 



Rt 



-AV -v R2 y 



(R T +R b ) 

If w=W x -W 2 , 

V 2 1 R T 

and W=d- where - D -=p — p— , 
Ml Ml KtiMtz 



(12) 

(13) 
(14) 
(15) 
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substituting for Wi and W 2 in eq 14 and solving for V 
yields: 

V= RT 1 +Rb ^RTRL(V R2 -V R1 )(2V -V R2 -V Rl ). (16) 

Let R T i = aR T2 , where a> 1 and remains constant for all 
values of applied r-f voltage. It can be shown that eq 14 
holds in this case. 

Then R L = [a/(l + a)]R T2 or R L =[a/(l+a) 2 ]R T 

Substituting in equation eq 16 

Rt 



V= 



(R T + R b )(l + *) 



ja(V B2 -V B1 ){2V -V R2 -V R1 ). (17) 



Appendix II. Error in V When a = R T1 /R T2 
Is Neglected 

In eq 1 let 



Rt 



(Rt + Ri) 



l(V R2 -V Rl )(2V -V R2 -V R1 )]> = K, 



then 



V=Ka*(l + a)- 1 . (18) 

Let also V f or a=l be designated as (V)i 
then 
and 



(Vh=iK, 



(19) 



~y = (y), iff - = l-2a'(l + a) i. (20) 

Substituting values of a from 1 to 2, the error in percent 
of V is computed and is shown in figure 6. 

Appendix III. Error in Measured V as a 
Result of Inaccuracy in Measuring a 

From eq 18, appendix II, 

which holds for A«^0.02 

Thus 

Aa = AF 2(Ha) 
a ~ V 1-OL ' 

and for an error of 0.1 percent in V caused by an inaccu- 
racy in measuring a this becomes 



^ = 0.001 R£±fl, 

a L(l— «)J 



(22) 



which is plotted in figure 6 versus a. 

For larger values of a, the dfferential approach is incor- 
rect. From eq 18, appendix II 



y=#a*(l + a)- 



(23) 



As a increases, V decreases, vir>l where yi = theea 



culated value of the r-f voltage when a> 1 for the condi- 
tion where A VI V= 10~ 3 . 



V_ 
Vi 



■l = 10- s . 



(24) 



Substituting for V and V\ in terms of a 

aH } + a) - 1 -1 = 10-3. 

(a + Aa^U-fa + Aa)" 1 
Reducing to a common denominator and substituting 



(25) 



(-»- 



,Aa 

and — = y. 



Then ( f /1 + , y)2 N == 1.002. 

a 2 (l + 2/) 

Solving for y in terms of a 

- (2a - 1 .002cr 2 ) ± V(2cr - 1 .002<r 2 ) 2 + 0.008(T 2 



(26) 



(27) 



Appendix IV. Accuracy of V as a func- 
tion of accuracy of R T and R b 

In eq 1 let the factor in the square bracket = K and 
a= 1, then 

y=i£ RriRr + Rb)- 1 , (28) 

and 

A7=A« 7 -|Kp T +/2 b )-i-^(/? r -f^)i. (29) 

Therefore 

AR T _AV R T + R b , Qm 

fir " ^ gr~" ( 0) 

Similarly 

aP, \V 7?~J- P. 

(31) 



A A'/, _AV Rr±Rb 
R b 



R b 



For the apparatus presently in use, (Rr~{-Rb)/Rb is approxi- 
mately 5/3, R T =200 ohms and R b = 300 ohms. 
Dropping the minus sign as of no significance (errors will 
be added), 

Appendix V. Derivation of AV m /V E2 in 
terms of V 

From eq 1 



where 



V*=K(2V Q ~V R2 -V R1 )(V R2 -V RL 
Rt 



(33) 



K= Y Rt T 
L2(fir+fi fc )J 



when a= 1. 



_2(R T -i-Rb 

.'.V8V = K(Vo-V R2 )8V R2 . 

av R2 =av^=aV K(V V_ Vr . . 



AV R2 AV 



P'2 



v« 2 f xy w (Vo-v' fi2 ) 

Figure 8 (solid line) is a plot of this equation for 
^=0.1%. 



(34) 
(35) 
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Appendix VI. Error in V Caused by 
Inaccuracy of Measuring V R1 



From eq 33 



ZV R1 



AV R1 = AV-gf = AV 
. AV R1 AV 



V 



K(v Rl -v Q y 



Vni " V KV R1 (V Rl -V ) 



(36) 



(37) 



In the case under consideration Vo^>Vj2i, because y =10 
v and V r iji = 25X10 -6 v. V Ri can be measured to 1 fiv or 



y 2 



AV R1 . AV 
" V R1 ~ V 10KV m 



(38) 



Neglecting the minus sign because the error can be posi- 
tive or negative and assuming AV/V=10~ S we have 

1 V 2 

25 = 1 ° 3 10/£X25X10- 6 ' 

K=0.04 
.•.y=2X10- 2 v = 20mv 

Appendix VII. Relation of the R-F Load 
Voltage to the Power and VSWR in a 
Slotted Transmission Line 



Equation 9 is derived^as follows: 

V V • 6 

P r max •'mm 
RF — ~ ' 

V 

v max 

p -v~' 

v mm 

Substituting for F min in eq 39 yields 



Prf — 



Vj ax 
pZ 



Let 



Va 
V ma 



= #i 



(39) 
(40) 

(41) 
(42) 



s Principles of radar, by the staff of the MIT Radar School, pp. 8 to 45 
(The Technology Press, Massachusetts Institute of Technology, Cambridge, 
Mass., 1944). 



= ratio of the voltage X/2 from the load to the maximum 
voltage in the line. 



Then 



and 



Prf — 



V A * 



V A = K 1 (Z t P BrP )* 



(43) 

(44) 



The ratio V max /V A was determined in two steps. First, 
when the line was loaded, the probe on the line was located 
where the voltage was a maximum. The probe output 
D m was recorded. The probe was then moved to the 
position corresponding to X/2 from the load, and the 
probe output D A was noted. The line was then shorted 
and the probe moved to where the voltage was a maximum 
in the line. The r-f level was adjusted until a V$ max corre- 
sponding to the maximum indication, D m , was reproduced 
(V s designates shorted line conditions). Then two 
positions were found on the line that produced the indi- 
cation D A , and the distance in centimeters between these 
points (both on the same side of the maximum) was 
recorded. This distance was called A s . The distance 
between a maximum and a minimum corresponded to 
X/4 (tt/2 radians). Since the voltage distribution in the 
line on short circuit was very nearly sinusoidal, D A = D M 
cos 6, where 6 was the angle in radians between D M and D A . 
But 20/7r = Z/(A/4), where I is the distance in centimeters 
from T 7 5 m a X to V A on the line. Z also equaled (X/4— As/2). 



Substituting and solving for 6 yields 6 
Therefore 

Va __ 
'V~ 



-it (0.5-As/X). 



Ki 



0=cos(o.5-^-) 7T. (45) 



The VSWR is determined in a similar manner, i. e., by 
reproducing the probe outputs corresponding to V miiX and 
V m - ln at two positions, one of them at a voltage maximum 
of the probe with the line shorted. The distance between 
these two positions in electrical degrees is then the angle, 
the cosine of which is equal to p. Sequence of steps 
suitable for various standing-wave ratios, as well as a 
general analysis of this method of measuring voltage 
ratios along a transmission line is presented by Winzemer. 6 

6 A. M. Winzemer, Method for obtaining the voltage standing- wave 
ratio on transmission lines independently of the detector characteristics. 
Thesis presented to the Polytechnic Institute of Brooklyn (May 1948). 

Washington, April 18, 1949. 
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